Resonant Inelastic Soft-X-ray-Scattering from DyR

S. M. Butorin® J.-H. Guo' D. K. Shuh? and J. Nordgren
'Department of Physics, Uppsala University, Box 530, S-751 21 Uppsala, Sweden
’Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

INTRODUCTION

For highly correlated materialsuch asrare-earthcompounds, studies of low-energlectronic
excitations (intra-ionid-f excitations in this casejan provide a bettaunderstanding of ground
state properties. In the case of weak hybridization effectstindevel coupling and consequently
J-mixing in the ground state of thesystem are often disregarded inthe interpretation of
experimental data byapplying a pure atomic approximation (mainlyfor high-energy
spectroscopies) or by using a first ordeystal-field theory wheréhe crystal field interaction is
assumed taact only within the separatel manifolds. This ispartly due to complications in
extracting information about trground state J-mixing directly fromthe data. For example, the
estimation of theJ-mixing degree in high-order crystal-field theory by adjusting crystal-field
parameters from the fit of optical absorption or low-energy electron-energy-loss $p&ijtnamay
result in a large uncertainty originating from difficultiealculating the intensities of dipole-
forbidden transitions. In turn, the possible influence of weekal-ligand hybridization is difficult
to analyze quantitatively in the absence of so-called charge-transfer satellitgghiaenergy
spectroscopic data.

In this situation,the use of alternatespectroscopic means to obtalkmixing information is
essential. Recently, Finazzi et al. [4] have shownttiegiround-stateJ-mixing can be studied by
taking advantage of dichroic properties of rare-earth 3d »absprption. Howeverthe method is
restricted to magneticallprderedsystems. Inthis report wediscussthe potential of resonant
valence-to-core x-ray fluorescence spectroscopy (RXFS) to detegiatined-statel-mixing when
applied tocompounds withoudistinct long-rangemagneticorder and significantmetal-ligand
hybridization.

Similar to opticalabsorption and electron-energy-loss spectroscopies with respect to probing the
low-energy excitations in electron-correlated materials, RXFS at thetsaegrovidesthe higher

level of the transition selectivity due to the element specificity and dipole selection rules. In contrast
to systems with the strong metal-ligand hybridization where the charge-transfer process leads to an
appearance of additional intense lines in resonant x-ray fluorescence spectra [5] as a result of inter-
ionic excitationsJ-mixing in systems with weak hybridization effects is expected to manifest itself

in an intensity gain of some intra-ion(f) transitions whichare disallowedor the pure Hund-

rule ground state. In other words, transitions with other than 0x1, and+2 areprobed in the
resonant excitation-deexcitation process (speaking corteistiyot a good quantum number in this
case).

EXPERIMENTAL DETAILS

DyF3 (99.99%) wascongruently evaporated from a water-cookftlision source in aimple
preparation chamber utilizing a graphite crucible evaporator. The filgF(28 A) was grown on
ambient high purity platinum foil substrate at 4 X°Iorr. The evaporatiorate was calibrated by

a quartz crystal monitor and the film thicknesestimated to be within abo®0%. The film was

stored under a nitrogen atmosphere and then loaded into the experimental chamber equipped with a
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Figure 1. Totalelectron yield spectrum ahe Dy 4dedge andesonant Dy 4f- 4d x-ray fluorescence spectra of
DyF3 normalized tothe incoming photon flux. The letterorrespond tathe excitationenergiesindicated in the
absorption spectrum.



fluorescence spectrometéfhe samplewas mounted with its surface normébcated in the
horizontal scattering plane.

The experiment was carried out at beamline 7.0 of the Advanced3aginte,Lawrence Berkeley

National Laboratory with a spherical grating monochromdtbe Dy 4f - 4d x-ray fluorescence

spectra of Dyk were recorded using grazing-incidence grating spectromef&l with a two-
dimensional detectofhe spectrometer resolutiavas set to 95meV at152 eV.The incidence

angle of the photon beam was about 2° from the sample surface and the spectrometer was placed in
the horizontal plane at an angle @3° with respect to the incidendeeam. Todetermine the
excitation energies, the Dy 4d x-ray absorption spectrum of [dgB obtained by measuritgtal

electron yield at th@0° incidence angle of the incomim@diation. During x-ray absorption and
fluorescence measuremerttse resolution of the monochromateas set to 76meV at aphoton

energy of 152 eV. All of the spectra were recorded at room temperature.

RESULTS AND DISCUSSION

The resonant Dy 4f- 4d x-ray fluorescence spectra of RQyfFig. 1) show adispersion-like
behavior upon tuning the excitation energy across the Dy 4d absorption edge. The spectra recorded
at the excitation energies labeled &yb, andc appear as a single peak with other low-energy
structures being very weak. Further increasthénexcitation energgives rise to amnhancement

of these weak structures so that the appreciable spectral weight is observed within the 8.5 eV range
below the elastic line, for example, in spedtend]j. All of the low-energy peaks follow varying
excitation energies and therefore can be assocwtedresonantnelasticx-ray scattering. It is

rather unlikely that the spectrakight on thdow-energy flank ofthe elastic line originateBom

phonon relaxation because this weighbnsists ofdistinct structures instead of a continuous
structureless band and the structures show different dependence on the excitation energy.

There are two distinct groups of pronounced inelastic-scattering peaks in Fhe first group is
distinguished bysmall energylosses onthe tail of the elastidine, whereasthe second is
characterized by energy losses more than 2.5 eV. Wigeaxcitation energgpproaches thmain
broad maximum of the Dy 4dbsorption edgehe first groupstill possessesignificant intensity
while thestructures othe second groufpecome relativelyfaint. Regardinghe energy scale on
which the spectral variatiorsccur, the observed fluorescent transitiooan be attributed to intra-
ionic f-f excitations.The energy gap betweéwo groups ofinelasticx-ray scattering structures
reflects the separation between sextuplets qaratiruplets oftrivalent Dy [7,8] which can be
reached due to the excitation-deexcitation process.

Theresults ofpreliminary atomic-multiplet calculatiorfsr the Dy3* ion show that the dominant

elastic peak in all of the Dy 4f 4d spectra from Dyf-is to large extent a consequencestwbng
interference effects in the intermediate state of the coherent second-order optical process. The states
constituting the main 4d absorption edge hailfetime broadening of about 2 eV largely because

of the 4d-4f4f Coster-Kronig decay.

A close inspection of experimental 4f 4d spectrashowsthat there arsome spectral structures
which are not revealed in calculations within the pure atomic approximation. Thus, the feature with
the energy loss of about 1.15 eV is observed in spkhckaandl, presented imetail byFig. 2.

While atomic multiplet theory predicts the non-zero intensities for resonant inelastic x-ray scattering
transitions to théH 3/, 6H11/5, andbFy4/, sextuplets of the &fconfiguration,the energy of the
extra-feature in experimental spectrak, and| (Fig. 2) isclose to those ofFg,, and6H7,,
manifolds of Dy* in LaF; [9]. This is an indication af-mixing and the presence df= 13/2 and
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Figure 2. Enlarged inelastic x-ray scattering part of the resonant DyMf spectra from Dy4:

J =11/2 components ithe groundstate of DyR. Indications of other extra-structures missing
from atomic calculations can be seen in the energy range betv®aand-1.2 eV, as irspectral
andm. However, the present level of statistics does not permit identification.
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